αβ T Cell Development Is Abolished in Mice Lacking Both Lck and Fyn Protein Tyrosine Kinases  by van Oers, Nicolai S.C et al.
Immunity, Vol. 5, 429–436, November, 1996, Copyright 1996 by Cell Press
ab T Cell Development Is Abolished in Mice
Lacking Both Lck and Fyn Protein Tyrosine Kinases
Nicolai S. C. van Oers,*‡ Bente Lowin-Kropf,* the immature CD42CD82 stage, presumably owing to
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1995; Malissen et al., 1995; Mombaerts et al., 1992; Shin-*Department of Medicine
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Two families of protein tyrosine kinases (PTKs), the‡Howard Hughes Medical Institute
Src and Syk/ZAP-70 families, are involved in the devel-§Department of Dermatology
opment of ab TCR–expressing cells. Lck, a Src familyUniversity of California, San Francisco
PTK expressed at all stages of thymocyte development,San Francisco, California 94143
is required for the maturation events regulated by both
the pre-TCR and the ab TCR (Anderson and Perlmutter,
1995; Levelt et al., 1995). The targeted disruption of theSummary
lck gene or the overexpression of a catalytically inactive
lck transgene results in a substantial reduction in theTwo families of protein tyrosine kinases (PTKs), the
development of CD41CD81 thymocytes (Levin et al.,Src and Syk/ZAP-70 families, are required for T cell
1993; Molina et al., 1992). Interestingly, some of thedevelopment. Lck is the major Src family member re-
CD41CD81 thymocytes that are evident in the lck-defi-quired for thymopoiesis, since there is a severe deficit
cient mice can develop into mature ab T cells that areof CD41CD81 thymocytes and mature T cells in its
partially responsive to TCR-mediated stimulation (Kawaiabsence. However, some peripheral T cells are evident
et al., 1995; Molina et al., 1992; Penninger et al., 1993).in these mice, suggesting that additional PTKs may
These findings suggest that additional PTKs may con-contribute to T cell development. Here we show that
tribute to T cell development in the absence of Lck. Onethe combined disruption of Lck and Fyn (lck2/2fyn2/2)
candidate PTK is the Src family kinase Fyn, since fyn iscompletely arrests ab T cell development at the
expressed at low levels in CD41CD81 thymocytes andCD42CD82 stage. The development of Vg31 dendritic
becomes up-regulated roughly 6- to 10-fold in matureepidermal T cells is also severely impaired, but natural
T cells (Cooke et al., 1991; Olszowy et al., 1995; reviewedkiller cell development and cytolytic activity is unaf-
by Perlmutter et al., 1993). In addition, Fyn has beenfected in lck2/2fyn2/2 mice. These findings reveal the
reported to associate directly with the TCR at low stoi-potential for redundant functions mediated by Src
chiometry, suggesting a functional role for Fyn in TCR-family PTKs while emphasizing crucial roles for Lck
mediated signaling processes (Samelson et al., 1990).and Fyn in T cell development.
This is consistent with the finding that single positive
thymocytes isolated from fyn-deficient mice are hypore-
Introduction sponsive to TCR ligation (Appleby et al., 1992; Stein
et al., 1992). However, in contrast with lck null mice,
The majority of ab T cells develop in the thymus through thymocytes from mice lacking fyn appear to undergo
a series of tightly controlled maturational steps defined normal maturational processes (Appleby et al., 1992;
by the regulated expression of the CD4 and CD8 core- Stein et al., 1992). These results indicate that, although
ceptor molecules (Anderson and Perlmutter, 1995; von not essential for the development of ab T cells, Fyn can
Boehmer, 1990). The earliest precursor cells lack both contribute to TCR-mediated signaling processes.
CD4 and CD8 (CD42CD82) and represent approximately ZAP-70 is the major Syk family PTK present in T cells,
5% of the adult thymus. These immature CD42CD82 although the Syk PTK is also expressed in thymocytes,
thymocytes can be subdivided into four subpopulations certain T cell populations, and T cell lines (Chan et al.,
on the basis of surface expression of CD44 (Pgp-1) and 1994b). In humans with mutations in the ZAP-70 gene,
CD25 (interleukin-2 [IL-2] receptor a chain) (Godfrey et CD81 T cells fail to develop and mature CD41 T cells
al., 1993, 1994). The CD42CD82 thymocytes that have are defective at transducing TCR-mediated signals (Ar-
successfully rearranged the T cell receptor b (TCR b) paia et al., 1994; Chan et al., 1994a; Elder et al., 1994).
gene begin to express the pre-TCR, a complex that Mice deficient in the ZAP-70 PTK have elevated num-
promotes the differentiation of CD42CD82 thymocytes bers of CD41CD81 thymocytes which are unable to pro-
into an intermediate CD41CD81 stage, followed by the ceed through positive or negative selection (Negishi et
expansion of this latter population (Saint-Rufet al.,1994; al., 1995). In contrast with the essential functions of
Fehling et al., 1995). In normal mice, CD41CD81 cells ZAP-70 during T cell development, thymopoiesis is ap-
represent about 80% of total adult thymocytes, and re- parently normal in Syk-deficientmice (Chenget al., 1995;
arrangements of the TCR a gene locus are evident within Turner et al., 1995).
this population (Wilson et al., 1994). Immature CD41CD81 The role of the Src and Syk/ZAP-70 family PTKs in
thymocytes that have successfully rearranged the TCR a the development of other T cell populations as well as
genes and expressed an ab TCR complex subsequently natural killer (NK) cells is less well defined. The develop-
undergo positive and negative selection (reviewed byNos- ment of some gd T cell populations is reduced in lck
sal, 1994; von Boehmer, 1994). In mice with mutations null mice (Kawai et al., 1995; Penninger et al., 1993). In
in the V(D)J recombinase-activating genes RAG1 and contrast, NK cell functions are normal in Lck- and ZAP-
RAG2, or in pre–TCR a, TCR b, and CD3e genes, thymo- 70-deficient mice (Kawai et al., 1995; Negishi et al., 1995;
Wen et al., 1995).cyte development cannot proceed effectively beyond
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Figure 1. T Cell Development in the Thymus Requires the Lck and Fyn PTKs
Thymocytes, lymph node cells, and splenocytes from normal C57BL/6, lck2/2, fyn2/2, and lck2/2fyn2/2 mice (4–6 weeks of age) were isolated
and stained with directly labeled MAbs for CD4 and CD8 and analyzed by two-color flow cytometry. For two-color plots, the percentage of
cells in each quadrant is listed. The results are representative of ten different experiments.
To address the potential contribution of Fyn to T cell 100-fold less than wild-type and fyn2/2 mice and 3- to
5-fold lower than the lck2/2 mice (Figure 2) (Appleby etand NK cell development, we generated lck/fyn double
al., 1992; Molina et al., 1992; Stein et al., 1992). Thesedeficient mice (lck2/2fyn2/2). We determined that, in con-
results indicate that the absence of both lck and fyn hastrast with lck null animals, in lck2/2fyn2/2 mice ab T cell
a more severe impact on thymic development than thedevelopment was completely blocked at the CD42CD82
absence of lck alone.stage. No ab T cells were detected in the peripheral
We also stained the different populations of cells fromlymphoid organs isolated from these mice. The absence
these mice with antibodies against numerous cell sur-of fyn and lck also led to a reduction in the number of
face markers, including CD3, CD4, CD8, B220, and im-Vg31 dendritic epidermal gd T cells relative to lck2/2
munoglobulin M (IgM) and then analyzed the cells bymice. In spite of the effects on the ab and gd T cell
flow cytometry. In markedcontrast with lck2/2 and fyn2/2lineages, the lck/fyn double deficient mice have normal
mice, no CD41CD81 thymocytes were detected in theNK cell numbers and cytolytic activity.
lck2/2fyn2/2 mice (Figure 1). Moreover, virtually no ma-
ture CD41CD82 and CD42CD81 T cells were detected
Results in the lymph nodes and spleen of the lck/fyn-deficient
mice (Figure 1). B cell development was not affected by
The Lck and Fyn PTKs Are Required the loss of lck and fyn, since normal numbers of B2201
for the Development of T Cells and surface IgM1 cells were observed (data not shown).
Although lck-deficient mice have a substantial block in The mean CD3 density was also increased on thymo-
ab T cell development, a small number of mature T cells cytes from lck2/2fyn2/2 mice relative to wild-type mice,
can develop and function in these mice (Molina et al., although it was not as high as that found in the lck2/2
1992) (Figure 1). To determine whether Fyn is responsi- mice (data not shown). Of ten mice analyzed, four had
ble for this Lck-independent T cell development, we almost no detectable surface CD3 expression on the
intercrossed lck and fyn null mice to produce mice lack- thymocyte populations. The reason for this variability is
ing both Lck and Fyn (lck2/2fyn2/2). unclear at present. Regardless of these differences,
Thymocyte, lymph node, and spleen cell populations CD3hi T cells were difficult todetect in the thymus, lymph
were isolated from the lck2/2fyn2/2 mice and compared nodes, or spleen isolated from the lck2/2fyn2/2 mice. In
with the corresponding populations of cells from normal, summary, the lck/fyn double deficient mice have a much
lck2/2, and fyn2/2 mice. The thymi from lck2/2fyn2/2 mice more severe phenotype when compared with the lck2/2
mice, with thymic abnormalities similar to those seen inhad severely reduced cell numbers, approximately 50- to
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stained with monoclonal antibodies (MAbs) that recog-
nize CD44 and CD25 and analyzed by three-color flow
cytometry. The majority of the thymocytes (85%–92%,
n 5 6) from the lck2/2fyn2/2 mice exhibited a CD442
CD251 phenotype, similar to the percentages found in
RAG2/2 mice (Figure 3). Overall, the developmental ar-
rest in the lck2/2fyn2/2 thymocytes resembles that found
in the RAG-, TCR b–, and CD3e-deficient mice and sug-
gests that lck and fyn are required for the pre-TCR-
driven transition of CD42CD82 to CD41CD81 cells.
NK1.11 Cell Development in lck2/2fyn2/2 Mice
To examine whether NK1.1 cells were present in the
lck2/2fyn2/2 mice, we performed two-color flow cytome-
try analyses of the different lymphoid organs following
staining with MAbs against the ab TCR or gd TCR and
the NK1.1 surface marker (Vicari and Zlotnik, 1996). As
shown in Figure 4, NK1.11 cells were readily detected
in the thymus, lymph nodes, and spleen from normal
and lck2/2fyn2/2 mice. However, almost none of the
NK1.11 cells from the lck/fyn null mice coexpressed
Figure 2. Thymic Cellularity Is Reduced in the Absence of lck and the ab TCR. This indicates that the NK1.11 cells in the
fyn
lck2/2fyn2/2 animals are primarily NK cells (Figure 4).
Thymocytes were prepared from normal C57BL/6, lck2/2, fyn2/2,
There were some NK1.11 gd1 T cells present in theand lck2/2fyn2/2 mice (4–6 weeks of age) and counted. Each symbol
lck2/2fyn2/2 mice. However, very few NK1.11 gd1 T cellsrepresents the number of cells from the indicated mouse, and seven
are normally detected in the peripheral lymphoid organsmice were analyzed per group.
of control wild-type mice, making it difficult to assess
the consequences of the lck/fyn mutations on NK1.11
gd1 T cell development. We did detect some NK1.12 gdTCR b and RAG2/2 mice (Mombaerts et al., 1992; Shinkai
TCR1 cells in the lck2/2fyn2/2 mice (Figure 4). Such cellset al., 1992).
may correspond to the population of gd T cells that
can develop in lck2/2 mice and primarily reside in theDevelopment of Thymocyte Subpopulations
intestinal epithelium or other epithelial tissues (or both)in lck2/2fyn2/2 Mice
(Penninger et al., 1993).In normal mice, CD32CD42CD82 thymocytes are cate-
gorized into four phenotypically and functionally distinct
subsets on the basis of CD44 and CD25 expression NK Cell Functions in the lck2/2fyn2/2 Mice
To determine whether the NK cells detected in lck/fyn-(Godfrey et al., 1994). The maturation sequence of these
subsets proceeds from a CD441CD252 stage to deficient mice are functional, we performed cytotoxicity
assays with either the NK cell–sensitive T cell hybridomaCD441CD251, followed by CD442CD251, and finally
CD442CD252. Thymocytes from RAG null mice are de- YAC-1 or the NK cell–resistant mastocytoma cell line
P815. To preactivate NK cells invivo, we injected normal,velopmentally arrested within the CD42CD82 subset be-
cause of a failure to rearrange the TCR b genes (Godfrey lck2/2, fyn2/2, and lck2/2fyn2/2 mice 24 hr prior to the
experiment with the interferon inducer tilorone. Aset al., 1994). To determine whether the lck2/2fyn2/2 thy-
mocytes are blocked at a similar point (as the RAG shown in Figure 5, splenocytes derived from the four
different mouse strains exhibited comparable cytolyticnull mice), triple negative (CD32CD42CD82) thymocytes
from normal, lck2/2, lck2/2fyn2/2, and RAG2/2 mice were activity against the NK target YAC-1 over a broad range
Figure 3. Comparison of Triple Negative Thymocyte Subsets from Normal, lck2/2, lck2/2fyn2/2, and RAG2/2 Mice
Thymocytes from the indicated mice were isolated and stained with phycoerythrin-conjugated anti-CD3, anti-CD4, anti-CD8, anti-NK1.1, and
anti-B220 in combination with biotinylated anti-CD25 and FITC-conjugated anti-CD44. The biotin was detected with a streptavidin–tricolor
conjugate (Caltag). The expression of CD25 and CD44 was analyzed by three-color flow cytometry, using electronic gating of phycoerythrin-
negative cells to identify the triple negative cells. The dot blots shown in the figure were normalized to 5000 events, and the percentage of
cells in each quadrant are indicated.
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Figure 4. NK1.1 Expression in Mice Deficient in lck and fyn
Thymocytes, lymph node cells, and splenocytes from normal C57BL/6 and lck2/2fyn2/2 mice (4–6 weeks of age) were isolated from the mice
indicated, stained with directly labeled MAbs, phycoerythrin-conjugated NK1.1, and FITC-conjugated ab or gd TCR, and analyzed by two-
color flow cytometry. The results are representative of four different experiments. In one additional experiment, gd T cells were also detected
in the spleen of a lck/fyn null mouse by flow cytometry following electronic gating to remove B cells, NK cells, and dead cells (propidium
iodide).
of effector to target cell ratios, but did not kill the NK genotype on DETC formation. Epidermal sheets were
prepared from the ear and examined for the presencecell–insensitive P815 cells. The slightly higher cytolytic
activities found in the lck2/2-derived splenocytes may of DETC and other cell populations by immunofluores-
cence staining with MAbs directed against the ab, gd,be a consequence of the higher numbers of NK1.11 cells
found in the spleens of these mice (data not shown). In Vg3, and Vg2 TCR, as well as IgM and CD3e. In normal
mice, the Vg3 T cells are the predominant population ofsummary, these results indicate that NK cells can de-
velop and function independently of both lck and fyn. T cells in the epidermis (Figure 6A). No Vg21, ab, or
IgM1 cells were detected in these preparations (data
not shown). As reported previously and shown here forDendritic Epithelial T Cell Development
In lck-deficient mice, Vg3 dendritic epithelial T cells comparison, there is a modest reduction of Vg31 T cells
in the lck2/2 mice (Figure 6B) (Kawai et al., 1995). How-(DETC) are reduced in numbers (Kawai et al., 1995).
We assessed the effects of a lck/fyn double knockout ever, the combined absence of both lck and fyn resulted
Figure 5. NK Cytolytic Functions Are Normal
in lck/fyn-Deficient Mice
Normal, lck2/2, fyn2/2, and lck2/2fyn2/2 mice
were injected with tilorone 24 hr prior to the
isolation of the spleen. Red blood cells were
removed by histopaque gradients, and the
remaining cells were mixed with 51Cr-labeled
YAC-1 or P815 target cells. The cells were
incubated for 4 hr at the indicated effector to
target (E:T) ratios. These assays were re-
peated on five separate occasions.
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Figure 6. DETC Cells Are Depleted in lck/fyn-
Deficient Mice
Epidermal sheets from normal (A), lck2/2 (B),
and lck2/2fyn2/2 (C) mice were stained with
FITC-conjugated anti–Vg3 TCR MAbs and ana-
lyzed by immunofluorescence. The arrow in the
1003 magnification panel in (C) indicates one
of the few groups of DETC cells identified in
the lck2/2fyn2/2 epidermis; this group is magni-
fied to 4003 in the right-hand panel of (C).
in a severe loss of the Vg31 DETC populations (Figure seen in the lck null mice. In contrast with the profound
effects of the lck/fyn knockout on the ab lineage of T6C). Under higher power magnification, a few small clus-
ters of these Vg31 T cells were observed in the lck2/2 cells, NK cell development and cytolytic functions were
normal in these mice under the assay conditions used,fyn2/2 animals, with the number of clusters varying
slightly in four mice analyzed. The fact that a small num- and some gd T cells were present.
The severity of the effect of the lck/fyn deficiency onber of these cells do exist suggests that other PTKs
may be involved in the development of gd T cells, but thymopoiesis is greater than that reported for lck null
mice and more closely resembles the phenotype foundthat Lck and Fyn may be involved in the expansion of
these cells in the periphery. in mice overexpressing a catalytically inactive lck
transgene (Levin et al., 1993). Since the targeted disrup-
tion of lck alone did not completely impair T cell develop-Discussion
ment, it was proposed that the catalytically inactive lck
transgene could influence additional kinases involvedWe show here that the combined disruption of the Lck
and Fyn PTKs leads to a complete block in early thymo- in the CD42CD82 to CD41CD81 transition (Mombaerts
et al., 1994). Our findings indicate that Fyn can partici-poiesis and prevents the normal development of Vg31
DETC cells. First, the targeted disruption of both lck pate in this transition when Lck is absent. Therefore,
Fyn may provide a redundant or compensatory role forand fyn results in arrest of ab T cell development
at the CD42CD82 stage. This block occurs within the Lck in promoting thymocyte development. The interpre-
tation that Fyn is functioning in a compensatory capacityCD442CD251 subset of CD42CD82 thymocytes, a de-
velopmental arrest point that is similar to that seen in is consistent with several published findings. First, in
TCR b transgenic mice lacking the lck and RAG genes,the TCR b–, RAG-, and CD3e-deficient mice. As a conse-
quence of this block, no mature ab T cells are detected some maturation to the CD41CD81 stage is apparent
(Mombaerts et al., 1994). Second, anti-CD3 MAb stimu-in the spleen or lymph nodes of lck/fyn-deficient mice.
The lck/fyn deficiency also reduced the numbers of lation of thymocytes from RAG2/2 mice promotes the
transition of CD42CD82 to CD41CD81 cells (Levelt etNK1.11 ab T cells residing within the thymus, lymph
nodes, and spleen. Second, the numbers of Vg31 T cells al., 1993). In an lck null background, a partial reconstitu-
tion of CD41CD81 cells was still evident after anti-CD3in the epidermis were substantially reduced in the
lck2/2fyn2/2 animals, appearing at levels lower than that ligation (Levelt et al., 1995). Third, there is very little
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constitutive tyrosine phosphorylation of the TCR z sub- lyn and fgr as well as extremely low levels of hck, any
unit in murine thymocytes from lck2/2 mice (van Oers of these Src family PTKs could compensate for the defi-
et al., 1996). Yet peripheral T cells from lck-deficient ciency in Lck and Fyn (Biondi et al., 1991; Eiseman and
mice do express some constitutively phosphorylated Bolen, 1990).
TCR z, and this is correlated with a substantial increase The Src family PTKs are a large family of kinases
in fyn expression. Taken together, these findings imply that function as critical regulators of cellular growth and
that although Lck is the primary PTK responsible for differentiation. The presence of multiple family members
regulating thymopoiesis, Fyn may also contribute to within specific cell populations has revealed some func-
these events. However, Fyn is not as effective as Lck tional redundancyamong the different Src kinases (Low-
in promoting thymopoiesis. Consistent with this, and ell and Soriano, 1996). We have found that the two Src
unlike the case with Lck, overexpression of a catalyti- family kinases Lck and Fyn are essential for the develop-
cally inactive Fyn PTK fails to disrupt normal thymo- ment of ab and Vg3 T cells. The combined disruption
poiesis (Cooke et al., 1991). Moreover, expression of a of both kinases seriously impairs T cell development,
catalytically active lck transgene has severe effects on an effect not readily revealed with a deficiency of either
thymocyte development, while the same is not true of kinase alone.
fyn (reviewed by Anderson and Perlmutter, 1995). These
findings suggest that the SH2, SH3, or unique domain Experimental Procedures
of the catalytically inactive Lck may have a higher affinity
for downstream substrates than Fyn. It is also possible Cell Lines and Animals
C57BL/6 mice were purchased from the Jackson Laboratory (Barthat Fyn and Lck have different substrate specificities.
Harbor, ME) and maintained in the Animal Care Facility at the Univer-The pre-TCR is required for the progression of thymo-
sity of California, San Francisco (UCSF). The lck-deficient and fyn-cytes to the CD41CD81 stage and the expansion of
deficient mice were provided by Drs. Tak Mak (Amgen and thethese cells (Fehling et al., 1995). Overall, our data sup-
Ontario Cancer Institute, Toronto) and Roger Perlmutter (University
port the notion that Fyn may promote pre-TCR signaling of Washington, Seattle, WA), respectively. A full description of their
required for theCD42CD82 transition to CD41CD81 cells phenotypes has been published (Appleby et al., 1992; Molina et al.,
under conditions in which Lck is limiting or absent. This 1992). The lck/fyn double deficient mice were derived from F2 and/
or F3 generation offspring from intercrosses between the lck- andis likely to involve phosphorylation of the immune recep-
fyn-deficient mice. lck and fyn typing was performed as describedtor tyrosine-based activation motif (ITAM) and recruit-
elsewhere (Molina et al., 1992; Appleby et al., 1992). All mice werement of ZAP-70, Syk, or both into the phosphorylated
maintained in microisolator cages at UCSF. Murine thymocytes,ITAMs of the pre-TCR (van Oers et al., 1995; Weiss and
lymph node T cells, and erythrocyte-depleted spleen cells were
Littman, 1994). Further experiments are necessary to isolated as previously described (van Oers et al., 1994).
determine how pre-TCR signals are directed via these
kinases. Antibodies and Antisera
It is also possible that Fyn may promote the develop- The antibodies used for flow cytometry and DETC staining are as fol-
lows: fluorescein isothiocyanate (FITC)-conjugated anti-CD8a andment of some ab T cells in the lck null mice through
phycoerythrin-conjugated anti-CD4, purchased from Collaborativepathways that either cooperate or function indepen-
Biomedical (Bedford, MA); tricolor–anti-CD4 and phycoerythrin–anti-dently of the pre-TCR. Thus, IL-7 receptor (IL-7R) knock-
CD8a, obtained from Caltag (San Francisco, CA); phycoerythrin-,out mice have a significant reduction in thymic cellularity
FITC-, and biotin-conjugated anti-CD3e (145-2C11); FITC-conjugated
and Fyn is reported to be functionally coupled to the anti-CD69; biotinylated anti-CD25; FITC-labeled anti-CD44, anti–ab
IL-7R (Peschon et al., 1994; Seckinger and Fougereau, TCR, anti–gd TCR, anti–Vg3 TCR, and anti–Vg2 TCR; and phycoer-
1994). In addition, the IL-2R is expressed on immature ythrin-conjugated B220 and NK1.1, which were obtained from Phar-
mingen (San Diego, CA). Horseradish peroxidase–conjugated goatthymocytes, and Lck physically and functionally associ-
anti–mouse IgG and goat anti–rabbit IgG were obtained from Southernates with the IL-2R (Hatakeyama et al., 1991). It is con-
Biotechnology (Birmingham, AL); alkaline phosphatase–conjugatedceivable that Fyn may compensate for the lack of Lck
goat anti–rabbit immunoglobulin and goat anti–mouse immunoglobulinin mediating this signaling. Finally, we cannot rule out
were purchased from Bio-Rad (Hercules, CA).
the possibility that additional cytokine receptors that are
coupled toLck or Fyn (or both) are involved in thymocyte Isolation of NK Cells and Cytotoxicity Assays
development. Further experiments will be needed to To activate NK cells in vivo, we injected mice intraperitoneally with
elucidate these possibilities. the interferon inducer tilorone (200 mgof tilorone in phosphate-buffered
saline [PBS]; Sigma, St. Louis, MO) 24 hr prior to the experiment.The lck/fyn deficiency also resulted in a substantial
Spleen cells were then isolated and depleted of red blood cells byreduction in Vg31 DETC cells relative to the lck null mice
centrifugation over a Ficoll gradient (Sigma). Following two washes(Kawai et al., 1995). Therefore, the Vg31 T cells may
with DMEM supplemented with 5% FCS, spleen cells were culturedrequire Lck and Fyn for their development. Alternatively, at the indicated effector to target (E:T) ratios with 51Cr-labeled YAC-1
Lck and Fyn may be necessary for the expansion of the or P815 target cells for 4 hr. Supernatants (100 ml) were then harvested
few small clusters of Vg31 T cells that were detected in and counted in an LKB b-counter after the addition of 200 ml of Opti-
the epidermal layers in the lck/fyn null mice. Some gd T phase Hi-safe scintillation liquid (Wallac, Gaithersburg, MD). Specific
lysis was calculated as follows: 51Cr release (in percent) 5 (E 2 S)/cells are evident in the spleen and lymph nodes of lck/
(T 2 S) 3 100, where E is the amount of chromium released in thefyn-deficient mice. The presence of these cells suggests
presence of effector cells, S is the spontaneous release of label inthat additional Src family PTKs or other kinases such
media alone, and T is the maximum amount of chromium released
as Syk may partially compensate for the lack of Lck and in the presence of 0.1% Triton X-100.
Fyn in promoting gd T cell development.
One surprising result was that NK cell development Preparation of Epidermal Sheets
and cytolytic functions were normal in the lck/fyn knock- Epidermal sheets were prepared essentially as in Bergstresser et al.
(1980). In brief, mouse ears were amputated at the base immediatelyout mice. Since NK cells are also reported to express
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after sacrifice. Hair removal lotion (Nair, Carter–Wallace, New York, due to a defect in ZAP-70, a T cell tyrosine kinase. Science 264,
1596–1599.NY) was used to depilate the skin, which was then separated from
the underlying cartilage using a dissecting microscope. The dis- Fehling, H.J., Krotkova, A., Saint-Ruf, C., and von Boehmer, H.
sected skin was pressed dermal side down onto an adhesive tape (1995). Crucial role of the pre-T-cell receptor a gene in development
window (Instrumedics, Hackensack, NJ), and the epidermis was of ab but not gd T cells. Nature 375, 795–798.
lightly coated with cyanoacrylic glue (Superglue, Super Glue Corp.,
Godfrey, D.I., Kennedy, J., Suda, T., and Zlotnik, A. (1993). A devel-Hollis, NY) to provide a structural support for the fragile epidermal
opmental pathway involving four phenotypically and functionallylayer. The skin was then placed dermal side up on an adhesive-
distinct subsets of CD32CD42CD82 triple negative adult mouse thy-coated microscope slide (Instrumedics) and incubated with 20 mM
mocytes defined by CD44 and CD25. J. Immunol. 150, 4244–4252.ethylenediaminetetraacetic acid (EDTA) in PBS for 3 hr at 378C.
Godfrey, D.I., Kennedy, J., Mombaerts, P., Tonegawa, S., and Zlotnik,Finally, the dermis was carefully pulled off the epidermis with the
A. (1994). Onset of TCR-b gene rearrangement and role of TCR-baid of fine forceps and a dissecting microscope. DETC cells were
expression during CD32CD42CD82 thymocyte differentiation. J. Im-stained with FITC-conjugated primary antibodies against ab, gd,
munol. 152, 4783–4792.Vg3, and Vg2 TCR or CD3e. Epidermal sheets were incubated over-
night at 48C with MAbs diluted 1:50 to 1:100 in PBS plus Evans blue Hatakeyama, M., Kono, T., Kobayashi, N., Kawahara, A., Levin, S.D.,
counterstain. Perlmutter, R.M., and Taniguchi, T. (1991). Interaction of the IL-2
receptor with the src-family kinase p56lck: identification of a novel
intermolecular association. Science 252, 1523–1528.Acknowledgments
Kawai, K., Kishihara, K., Molina, T.J., Wallace, V.A., Mak, T.W., and
Correspondence should be addressed to A. W. This work was sup- Ohashi, P. (1995). Impaired development of Vg3 dendritic epidermal
ported in part by grants from the National Institutes of Health (GM- T cells in p56lck protein tyrosine kinase-deficient and CD45 protein
39553 to A. W.), the Human Frontier Science Program Organization tyrosine phosphatase-deficient mice. J. Exp. Med. 181, 345–349.
(LT-505/93 to N. S. C. v. O.), the Boehringer Ingelheim Fonds (B. L.-K.),
Levelt, C.N., Mombaerts, P., Iglesias, A., Tonegawa, S., and Eich-
and the Scleroderma Research Foundation (K. C.). We would like
mann, K. (1993). Restoration of early thymocyte differentiation in
to thank Drs. Roger Perlmutter and Tak Mak for providing the fyn
T-cell receptor b-chain-deficient mutant mice by transmembrane
and lck null mice, respectively. We would like to thank Drs. Nigel
signaling through CD3e. Proc.Natl. Acad. Sci. USA 90, 11401–11405.
Killeen, Virginia Smith-Shapiro, and Dapeng Qian and David Chu
Levelt, C.N., Mombaerts, P., Wang, B., Kohler, H., Tonegawa, S.,and Jun Wu for their critical reading of the manuscript and helpful
Eichmann, K., and Terhorst, C. (1995). Regulation of thymocyte de-suggestions. We would also like to thank Dr. Cynthia Guidos and
velopment through CD3: functional dissociation between p56lck andcolleagues (Hospital for Sick Children, Toronto, Canada) for sharing
CD3z in early thymic selection. Immunity 3, 215–222.data on their lck and lck/fyn knockout mice prior to publication.
Levin, S.D., Anderson, S.J., Forbush, K.A., and Perlmutter, R.M.
Received May 22, 1996; revised August 14, 1996. (1993). A dominant-negative transgene defines a role for p56lck in
thymopoiesis. EMBO J. 12, 1671–1680.
References Lowell, C.A., and Soriano, P. (1996). Knockouts of Src-family ki-
nases: stiff bones, wimpy T cells, and bad memories. Genes Dev.Anderson, S.J., and Perlmutter, R.M. (1995). A signaling pathway
10, 1845–1857.governing early thymocyte maturation. Immunol. Today 16, 99–105.
Appleby, M.W., Gross, J.A., Cooke, M.P., Levin, S.D., Qian, X., and Malissen, M., Gillet, A., Ardoiun, L., Bouvier, G., Trucy, J., Ferrier,
P., Viver, E., and Malissen, B. (1995). Altered T cell developmentPerlmutter, R.M. (1992). Defective T cell receptor signaling in mice
lacking the thymic isoform of p59fyn. Cell 70, 751–763. in mice with a targeted mutation of the CD3e gene. EMBO J. 14,
4641–4653.Arpaia, E., Shahar, M., Dadi, H., Cohen, A., and Roifman, C.M. (1994).
Defective T cell receptor signaling and CD81 thymic selection in Molina, T.J., Kishihara, K., Siderovski, D.P., van Ewijk, W., Naren-
humans lacking Zap-70 kinase. Cell 76, 947–958. dran, A., Timms, E., Wakeham, A., Paige, C.J., Hartmann, K.-U.,
Veillette, A., Davidson, D., and Mak, T.W. (1992). Profound block inBergstresser, P.R., Fletcher, C.R., and Streilein, J.W. (1980). Surface
thymocyte development in mice lacking p56lck. Nature 357, 161–164.densities of Langerhans cells in relation to rodent epidermal sites
with special immunologic properties. J. Invest. Dermatol. 74, 77–80. Mombaerts, P., Clarke, A.R., Rudnicki, M.A., Iacomini, J., Itohara,
S., Lafaille, J.J., Wang, L., Ichikawa, Y., Jaenisch, R., Hooper, M.L.,Biondi, A., Paganin, C., Rossi, V., Benvestito, S., Perlmutter, R.M.,
and Tonegawa, S. (1992). Mutations in T cell antigen receptor genesMantovani, A., and Allavena, P. (1991). Expression of lineage-
a and b block thymocyte development at different stages. Naturerestricted protein tyrosine kinase genes in human natural killer cells.
360, 225–231.Eur. J. Immunol. 21, 843–846.
Mombaerts, P., Anderson, S.J., Perlmutter, R.M., Mak, T.W., andChan, A.C., Kadlecek, T.A., Elder, M.E., Filipovich, A.H., Kuo, W.-L.,
Tonegawa, S. (1994). An activated lck transgene promotes thymo-Iwashima, M., Parslow, T.G., and Weiss, A. (1994a). ZAP-70 defi-
cyte development in RAG-1 mutant mice. Immunity 1, 261–267.ciency in an autosomal recessive form of severe combined immuno-
deficiency. Science 264, 1599–1601. Negishi, I., Motoyama, N., Nakayama, K.-I., Nakayama, K., Senju,
S., Hatakeyama, S., Zhang, Q., Chan, A.C., and Loh, D.Y. (1995).Chan, A.C., van Oers, N.S.C., Tran, A., Turka, L., Law, C.-L., Ryan,
Essential role for ZAP-70 in both positive and negative selection ofJ.C., Clark, E.A., and Weiss, A. (1994b). Differential expression of
thymocytes. Nature 376, 435–438.ZAP-70 and Syk protein tyrosine kinases, and the role of this family
of protein tyrosine kinases in T cell antigen receptor signaling. J. Nossal, G.J.V. (1994). Negative selection of lymphocytes. Cell 76,
Immunol. 152, 4758–4766. 229–239.
Cheng, A.M., Rowley, B., Pao, W., Hayday, A., Bolen, J.B., and Olszowy, M.W., Leuchtmann, P.L., Veillette, A., and Shaw, A.S.
Pawson, T. (1995). Syk tyrosine kinase required for mouse viability (1995). Comparison of p56lck and p59fyn protein expression in thymo-
and B cell development. Nature 378, 303–306. cyte subsets, peripheral T cells, NK cells, and lymphoid cell lines.
J. Immunol. 155, 4236–4240.Cooke, M.P., Abraham, K.M., Forbush, K.A., and Perlmutter, R.M.
(1991). Regulation of T cell receptor signaling by a src family protein- Penninger, J., Kishihara, K., Molina, T., Wallace, V.A., Timms, E.,
tyrosine kinase (p59fyn). Cell 65, 281–292. Hedrick, S.M., and Mak, T.W. (1993). Requirement for tyrosine kinase
p56lck for thymic development of transgenic gd T cells. Science 260,Eiseman, E., and Bolen, J.B. (1990). src-related tyrosine protein
358–361.kinases as signaling components in hematopoietic cells. Cancer
Cells 2, 303–310. Perlmutter, R.M., Levin, S.D., Appleby, M.W., Anderson, S.J., and
Alberola-Ila, J. (1993). Regulation of lymphocyte function by proteinElder, M.E., Lin, D., Clever, J., Chan, A.C., Hope, T.J., Weiss, A.,
and Parslow, T. (1994). Human severe combined immunodeficiency phosphorylation. Annu. Rev. Immunol. 11, 451–499.
Immunity
436
Peschon, J.J., Morissey, P.J., Grabstein, K., Ramsdell, F.J., Mara-
skovsky, E., Gliniak, B.C., Park, L.S., Ziegler, S.F., Williams, D.E.,
Ware, C.B., Meyer, J.D., and Davison, B.L. (1994). Early lymphocyte
expansion is severely impaired in interleukin 7 receptor-deficient
mice. J. Exp. Med. 180, 1955–1960.
Saint-Ruf, C., Ungewiss, K., Groettrup, M., Bruno, L., Fehling, H.J.,
and von Boehmer, H. (1994). Analysis and expression of a cloned
pre-T cell receptor gene. Science 266, 1208–1212.
Samelson, L.E., Phillips, A.F., Luong, E.T., and Klausner, R.D. (1990).
Association of the fyn protein tyrosine kinase with the T cell antigen
receptor. Proc. Natl. Acad. Sci. USA 87, 4358–4362.
Seckinger, P., and Fougereau, M. (1994). Activation of src family
kinases in human pre-B cells by IL-7. J. Immunol. 153, 97–109.
Shinkai, Y., Rathbun, G., Lam, K.-P., Oltz, E.M., Stewart, V., Mendel-
sohn, M., Charron, J., Datta, M., Young, F., Stall, A.M., and Alt, F.W.
(1992). RAG-2 deficient mice lack mature thymocytes owing to an
inability to initiate V(D)J rearrangement. Cell 68, 855–867.
Stein, P.L., Lee, H.-M., Rich, S., and Soriano, P. (1992). pp59fyn mu-
tant mice display differential signaling in thymocytes and peripheral
T cells. Cell 70, 741–750.
Turner, M., Mee, P.J., Costello, P.S., Williams, O., Price, A.A., Duddy,
L.P., Furlong, M.T., Geahlen, R.L., and Tybulewicz, V.L.J. (1995).
Perinatal lethality and blocked B cell development in mice lacking
the tyrosine kinase Syk. Nature 378, 298–302.
van Oers, N.S.C., Killeen, N., and Weiss, A. (1994). ZAP-70 is consti-
tutively associated with tyrosine phosphorylated TCR z in murine
thymocytes and lymph node T cells. Immunity 1, 675–685.
van Oers, N.S.C., von Boehmer, H., and Weiss, A. (1995). The pre-
TCR complex is functionally coupled to the TCR z subunit. J. Exp.
Med. 182, 1585–1590.
van Oers, N.S.C., Killeen, N., and Weiss, A. (1996). Lck regulates
the tyrosine phosphorylation of the TCR subunits and ZAP-70 in
murine thymocytes. J. Exp. Med. 183, 1053–1062.
Vicari, A.P., and Zlotnik, A. (1996). Mouse NK1.11 T cells: a new
family of T cells. Immunol. Today 17, 71–76.
von Boehmer, H. (1990). Developmental biology of T cells in T cell
receptor transgenic mice. Annu. Rev. Immunol. 8, 531–556.
von Boehmer, H. (1994). Positive selection of lymphocytes. Cell 76,
219–228.
Weiss, A., and Littman, D.R. (1994). Signal transduction by lympho-
cyte antigen receptors. Cell 76, 263–274.
Wen, T., Zhang, L., Kung, S.K.P., Molina, T.J., Miller, R.G., and Mak,
T.W. (1995). Allo-skin graft rejection, tumor rejection and natural
killer cell activity in mice lacking p56lck. Eur. J. Immunol. 25, 3155–
3159.
Wilson, A., Held, W., and MacDonald, H.R. (1994). Two waves of
recombinase gene expression in developing thymocytes. J. Exp.
Med. 179, 1355–1360.
